In the present research, the morphological and the textural characteristics of different amorphous nanosilica's used in concrete were studied. To conduct a detailed characterization of the main properties of micro-and nano-silica, seven selected silica samples produced by different methods were studied thoroughly. The resulting characteristics, such as shape, particle size, specific surface area, density, and poresize (distribution), are related and compared. Finally, the effects of the nano-silica characteristics on the slump-flow diameter and mechanical properties of standard mortars are discussed. It was found that the main parameters that influence the slump-flow diameter and the final mechanical properties of cement mortars are the specific surface area, the micropore volume and the average size of the primary particles of the silica's. In addition, no direct influence on the mortar properties related with the silica's pore diameter and pore-size (distribution) was found.
Introduction
The properties of freshly prepared concrete, such as flow behavior and workability, are governed by the particle size distribution of the solid constituents. Moreover, the properties of the concrete in the hardened state, such as strength and durability, are affected by the grading of the mix and the resulting particle packing [1] . One way to further improve the packing is to increase the solid size range. Possible materials which are currently available to raise the size range are limestone and silica fines, like micro-silica (mS) and nano-silica (nS). The main characteristics of silica fines, such as the particle size distribution, specific density, specific surface area, pore structure, and reactivity (surface silanol groups), depend on the production method [2] .
For the design of a concrete mix, it is important to consider the fine particles, as they have an influence on the water demand and, consequently, on the fresh and hardened concrete properties. In the granular state, part of the total water content is present as an adsorbed layer that surrounds the fine particles, while the balance of the water is required to fill the remaining void fraction (W). Since the fine powders are the particles with the largest specific surface area, the fine particles most strongly affect the total water demand of a concrete mix. The total water content influences the properties of the final concrete, such as porosity, permeability, and compressive strength. To achieve an optimum result, the powders should have a low water demand. In recent years, the application of nanotechnology in building materials has increased exponentially [3] . One of the most used and common nano-material is amorphous silica with particle sizes in the nano-range (nS). It has been reported [2, 4] that addition of nano-silica (nS) increases the compressive strength and reduces the permeability of hardened concrete. The effects are caused by the pozzolanic properties of nS particles, which results in finer hydrated phases (CASAH gel), and a densified microstructure owing to nano-filler and anti-leaching effects.
Different types of micro-and nano-silica additives are available on the market for use as admixtures in high performance (HPC) and self compacting concrete (SCC). The silica additives are produced by different procedures or routes. One production method is based on a so-called sol-gel process (organic or water route) at room temperature [3] . In this process, the starting materials (mainly Na 2 SiO 3 or organosilicon compounds, like TMOS/TEOS) are brought in as a solvent, and subsequently the pH of the solution is increased (or decreased) to the gelling point of silica. The produced gel is aged and collected by filtration. The gel is dried to a xerogel and calcined or re-dispersed in water with a stabilizing agent (Na, K, NH 3 , etc.) to produce a concentrated dispersion (20-50% solid content) suitable for use in the concrete industry [3, 5] .
An alternative production method is based on the volatilization of silica between 1500 and 2000°C by reducing quartz (SiO 2 ) in an electric arc furnace. Another procedure performed on a large scale involves passing SiCl 4 in a hydrogen-oxygen flame (flame hydrolysis process), where the reaction between the resulting water vapor and SiCl 4 proceeds forming pyrogenic silica particles [6] . Furthermore, nS is produced as a byproduct during the manufacturing of silicon and ferro-silicon alloys, where the silica vapor is condensed and collected in a cyclone [7, 8] . Nano-silica produced by this method (commonly referred as silica fume) is a very fine powder consisting of spherical particles or microspheres with a main diameter of 150 nm and thus a high specific surface area (15-25 m 2 /g). Finally, nS can also be produced by a precipitation procedure. According to this method, nS is precipitated by acidifying a precursor solution at temperatures between 50 and 100°C (precipitated silica). This method, which was first developed by Iler [9] , uses different precursors, such as sodium silicates (Na 2 SiO 3 ), burned rice husk ash (RHA) and semi-burned rice straw ash (SBRSA), magnesium silicates, and others [8, 9] .
In addition, nano-silica (nS) can be synthesized via an alternative production route first established by Schuiling [10] and later elaborated by Lieftink [11] and Jonckbloedt [7] . Recently, Lazaro et al. [12] improved the feasibility of this process. In the synthesis route, basically, olivine and sulfuric acid are mixed, whereby precipitated silica is synthesized containing primary particles between 6 and 30 nm strongly agglomerated.
Even though there are several studies that describe the main properties of nano-silica particles [11, [13] [14] [15] , most publications focus on applications of nano-silica in catalysis and not on its use in concrete. The knowledge of the main physicochemical characteristics of silica additives, such as morphology and texture, are important parameters for the design, and for the prediction of the water demand of concrete mixes.
The objective of the present investigation is to describe and to determine the physicochemical properties of different micro-and nano-silica additives, and to contribute to the understanding of the influence of the main characteristics on the properties of concrete. In the field of construction and building materials, a detailed and profound consideration of micro-and nano-silica, to the author's knowledge, has never been reported. To generate a detailed characterization of the main properties of micro-and nano-silica, seven selected silica samples produced by different routes were thoroughly studied.
The techniques to establish the morphological characteristics of the silicas include: scanning electron microscopy (SEM), scanning and transmission electron microscopy (STEM and TEM, respectively), elemental analysis by energy-dispersive X ray spectrometry (EDS), helium and glass pycnometry for density determination, particle size distribution (PSD) by laser light scattering (LLS), and dynamic light scattering (DLS). For the textural characteristics, the physical adsorption of nitrogen was measured to determine the specific surface area calculated according to the Brunauer-Emmett-Teller (BET) procedure [16] . The external surface area was computed by the t-plot method based on [17] , and the pore-size and distribution by the Barrett-Joyner-Halenda (BJH) method [18] . Finally, standard mortars were prepared and tested for their fresh (slump-flow) and hardened behavior (28-day flexural and compressive strength). The resulting characteristics were related and compared for the selected micro-and nano-silica samples.
Materials and experimental methods

Materials
Six different silicas (amorphous SiO 2 particles) were selected to determine their physicochemical characteristics. The samples studied were chosen to cover a wide range of particles sizes and production routes, mainly classified as nano-silica when their particles sizes were between 1 and 700 nm and as micro-silica when the samples contain a high fraction of particle sizes in the micro-range or exhibit a specific surface area lower than 35 m 2 /g, maximum limit according to [19] . The samples were grouped and named as follows: two colloidal nano-silica suspensions prepared by the waterglass route (samples CnS-1 and CnS-2); one fumed nano-silica in powder form (PnS-3), one standard micro-silica in slurry form (PmS-4); and two pyrogenic silica samples, nano-silica (PmS-5) and micro-silica (PmS-6), with different BET specific surface area (SSA BET ), also in powder form. In addition, one sample prepared by dissolution of olivine mineral in acid (POnS-7) was studied for comparison. Tables 1  and 2 represent their general characteristics (taken from the product data sheets) and their chemical composition (determined by XRF), respectively.
Experimental methods
Particle morphological characteristics
Size and morphology of the silica fines were analyzed using a scanning electron microscope (FEI XL-30 FEG-SEM) and a transmission electron microscope (Tecnai model 20FEG), both equipped with a Schottky field emission gun operated at 20 and 200 keV, respectively. Furthermore, a elementary analysis was performed using an EDAX Ò energy-dispersive spectroscopy (EDS) device.
2.2.2.
Particle-size distribution (PSD) and specific surface area (SSA) of silica a. Particle-size distribution (PSD). Measurement of particle-size distributions is a major challenge for the powder technologist. There are numerous methods suitable for its determination, but laser light scattering (LLS) and dynamic light scattering (DLS) are commonly employed for fine powders. Laser light diffraction was used to determine the particle size distribution of the micro-and nanosilica samples. This technique has become the dominating method for the characterization of powders in both research and industry [20] . In this study the particle size distribution of the silica samples, PnS-3, PmS-4, PmS-5 and PmS-6 was measured in aqueous dispersion with a Malvern™ Mastersizer™ 2000 laser light diffraction device, using the Mie scattering theory for the calculation of the particle size distribution and following the ISO standard 13320-1 [21] . A Hydro S unit was used to disperse the samples. A spherical shape was assumed to calculate the particle size distribution and to compute the specific surface area (SSA Sph ) for all the tested silica samples based on the arithmetic mean diameter of each size class and following the procedure described by [22] . Dynamic light scattering (DLS), sometimes referred to as photon correlation spectroscopy (PCS) or quasi-elastic light scattering (QELS), is a non-invasive, well-established technique for measuring the size of molecules and particles typically in the submicron region. The diameter which is measured by DLS is termed the hydrodynamic diameter (D (H) ) and reflects the rate of diffusion of a particle within a fluid. The diameter obtained by this technique is the size of a sphere that has the same translational diffusion coefficient as the particle being measured. The translational diffusion coefficient depends not only on the size of the particle ''core'', but also on the layer of tightly bound water molecules, the surface structure as well as the concentration, and the type of ions in the medium. Consequently, the particle size is likely to be larger than measured by electron microscopy [23] . The particle-size distribution of the two colloidal nano-silicas (CnS-1 and CnS-2), and the olivine nano-silica (POnS-7) were measured in liquid dispersion (water) using a dynamic light scattering device Malvern™ Zetasizer™ Nano ZS according to [23] . A conventional cell was used for particle size measurement (distribution in volume).
b. Computed specific surface area (SSA Sph ). The specific surface area (SSA) is a property of solids which is the total surface area of a material per unit of mass (m 2 /g), solid or bulk volume (m 2 /m 3 ), or cross-sectional area. Taking into account the specific density q spe (Table 1) , the computed spherical specific surface area SSA Sph can also be expressed as area per unit volume (cm 2 /cm 3 ). Beside the mass and solid volume, the SSA Sph can also be related to the bulk volume (taking into account the void fraction). The SSA Sph was derived indirectly from the particle size distribution using the procedure described by McCabe and Smith [24] and later by Hunger [22] . This procedure takes into account the specific density of the silica and cement, and the measured particle size distribution to compute the SSA Sph of all materials using the following equation:
where w i is the corresponding mass of the grain fraction i and D i,arith is the arithmetic mean diameter between two consecutives sieve size fractions, D i and D i+1 . The results are shown in Table 3 .
c. Specific surface areas by N 2 physisorption analysis (SSA BET , SSA t-plot and SSA ext ). Gas sorption (both adsorption and desorption) is the most common method for determining the surface area of powders as well as the pore-size distribution of porous materials. A Micromeretics Tristar 3000 equipment, using N 2 and an evacuation period of time of 12 h at 120°C, was used for the gas physisorption analysis. Using the BET theory [16] and the standard procedure described in [25] , the specific surface area (SSA BET ) of the silica samples was determined. The nitrogen sorption data was used to compute the total specific surface area (SSA t-plot ), the external specific surface area (SSA ext ) and the micropores volume (V MP ) following the t-plot method described by [26] . The statistical thickness (t layer ) of the adsorbed gas layer at a given value of x = P/P 0 , calculated using the model proposed by [27] , was plotted against the volumes of liquid taken up (n v ). The external specific surface area (SSA ext ) in m 2 / g, defined here as the surface area of pores larger than micropores, was determined from the slope of the first straight line segment within the pressure region (0.10 < P/P 0 < 0.35) using the following equation:
where V MP is the adsorption in saturated micropores (micropore volume), and k 1 is a constant that depends on the units and is equal to the inverse value of 1.5468 (cm 3 /m 2 nm).
The total specific surface area (SSA t-plot ) that includes all the pores was determined from the slope of the straight line segment passing though the origin at the pressure regions (P/P 0 ) lowers than 0.10 using the following equation:
where k 1 is the same constant previously defined. Finally, using the different specific surface areas, the size of the primary and agglomerated particles were calculated based on [28] as follows:
where d i is the particle or agglomerate diameter size (nm), q the density and SSA i is the specific surface area determined by the BET method (SSA BET ) or by geometrical considerations (SSA Sph ).
Pore-size and distribution (BJH method)
Data obtained from the nitrogen physical adsorption isotherms was used to determine the pore-size distribution and the surface area of the pore of a specific radius (r p ) of the silica samples. For this, the Kelvin equation, which describes the pore radius considering the pore as a cylinder, was used [18] : t layer ¼ 3:54 À5:00 lnð
The pore diameter in nanometer (d p ) is defined for each interval of relative pressure as:
Inserting Eq. (6) in (7) and using the BJH method described by [18] , the pore diameter for each relative pressure interval where condensation of liquid nitrogen occurred were derived.
The BJH method was applied for the adsorption and desorption isotherms to derivate the pore-size and distribution only as comparison purpose. It is known that this method take into account several assumptions [30, 31] . Nevertheless, it is still the most widely used method to characterize the pores in the range 2-50 nm.
Specific density by glass and helium pycnometry
The densities of all the samples were measured according to the norm DIN EN 1097-7 [32] using a calibrated glass pycnometer. For comparison purpose, a helium pycnometer AccuPyc Ò II 1340 from Micromeretics was used to determine the specific density of the powder silica samples. Gas pycnometry is a commonly used analytical technique that is based on the displacement of gas to measure the sample's volume accurately. Before the density measurements, the samples were dried and degassed at 105°C for 24 h. Helium was used as the displacement medium. Ten purges of the system were performed to ensure the equilibrium and to complete a total degassing of the sample. This was followed by 12 consecutive volume measurements, which were then used to obtain the values of the average density.
Behavior of standard mortars with nano-silica in fresh and hardened states
To determine the effects of different types of nano-silica on the behavior of mortars in fresh and hardened states, different standard cement mortars were prepared and tested following the procedure established in [33] . A 7% replacement based on the weight of cement (bwoc) was selected based on the procedure described by [34] . Three standard prisms for each nano-silica type were tested following the mix designs presented in Table 6 . The superplasticizer (SP) content of the mixes was fixed at 0.6% based on the weight of binder (bwob) to determine the effect of the nano-silica on the slump-flow diameter of the pastes after 15 strokes of the flow-table. The flexural and compressive strengths of the prisms were determined after aging of 28 days under water. Finally, the relative pozzolanic index for each tested silica sample was computed based on the results of the standard cement mortar tests.
Results and discussion
3.1. Morphology, particle size distribution (PSD) and specific surface area (SSA Sph ) Fig. 1 represents the particle size and the morphology of all silica samples. For all nano-and micro-silica samples studied, a spherical shape is observed to be the main morphology. The morphology changes to slightly more angular particles when the particle size becomes smaller than 20 nm. The samples CnS-1 (Fig. 1a) and POnS-7 ( Fig. 1g ) exhibit a more irregular form and highly agglomerated state. The resultant SSA Sph , average agglomerate size (d agg ) and the corresponding PSD of the silica samples are shown in Table 3 and are represented in Figs. 3-5.
The results presented in Table 3 and Fig. 2 illustrate that the selected silica samples have a diverse PSDs, varying between 1 nm and 13 lm. In general, the particle size range, as determined by the TEM measurements, is different to the DLS and LLS results. The difference is due to difficulties to completely break all particles clusters (agglomerates) during their dispersion in the aqueous media. Due to the fact that the interparticle forces increase with decrease drop in the particle size, the agglomerated state is larger with smaller elementary particles. Nevertheless, the production route also influences the aggregated state, as with the samples PmS-4, PmS-5 and PmS-6, which are produced at high temperatures. Consequently, the small particles are irreversibly clustered (sintered or welded), as was demonstrated by Diamond and Sahu [35] for similar type of silicas. This is evident in the particle size ranges determined by LLS (Table 3 ). On the other hand, PSDs are in line with the specific surface area computed considering geometrical considerations (SSA Sph ) and with the estimated average agglomerates size (Table 3) . However, there is still a need to improve the dispersibility of nano-silica in water suspensions to obtain a better approximation between the particle-size ranges measured by DLS/LLS and by SEM/TEM/PSD. The problem with the dispersion is clearly apparent from Figs. 3 and 4, where the samples PmS-5 and POnS-7 exhibit a bimodal particle size distribution (strongly agglomerated state). Even though the primary particle size of the olivine nano-silica sample is about 11 nm (measured by TEM and later confirmed by BET measurements), the particle sizes measured by DLS/LLS are between 34 and 356 nm. The clustering of the elementary particles of silica POnS-7 leads to large differences between the aggregate sizes estimated from SSA Sph (Table 3) and the observed and estimated primary particle size by TEM and SSA BET , respectively ( Table 4 ). The reason of the discrepancy is that the DLS method considers agglomerates or secondary particles as one particle, which leads to a lower SSA Sph , whereas the BET method considers the total surface area including the micropores, which results in higher values for the surface area. The agglomerated state of olivine nano-silica has been previously reported [12, [36] [37] [38] . This nano-silica is produced by dissolution of olivine in acid, where the pH is below the isoelectric point (point of zero charge). Under these conditions a colloidal solution is unstable and the silica particles agglomerate in 3D networks [9] . During this process, the elementary silica particles form chains due to formation of siloxane bridges ("SiAOASi") between the particles. The size of the agglomerates depends mainly on the pH of the solution during their precipitation, the particle-size distribution of the nano-silica, the mechanical or grinding treatment and the period of time that the silica has to agglomerate [9, 12, 39] .
It is noteworthy to mention that some larger particles of about 20-200 nm were observed in electron micrographs of sample CnS-1. Even though these particles are present in the colloidal suspension, their concentration is less than 2%. For this reason, the DLS results show only particles from 0.9 to 2.3 nm when a volume concentration was considered in the computation of the PSD (Fig. 3) . The DLS results are in line with Fig. 1a , in which only extremely small particles are exhibited.
The STEM images represented in Fig. 5c show formation of necks between the elementary silica particles, which is due to the high temperature during the collection of silica fume in dust cyclones. In addition, coalesce or aggregation of silica particles was also evident in the CnS-2 sample. Such aggregation is one of the main mechanisms reported for nano-silica synthesized by the waterglass route [9] , which results in a lower specific surface area.
Electron diffraction to complement the analysis in the electron microscope revealed that all silica particles are amorphous, with one exception: the sample PmS-4, which is standard micro-silica in slurry form. This standard silica displayed a small amount of a remnant crystalline species, which were detected by electron diffraction (pattern performed in the STEM). The remnant species are mainly composed of a crystalline SiO 2 (a-quartz) and some minor contaminants (rich in Fe, Ca and P), detected by the EDS analysis shown in Fig. 5d and confirmed later by XRF (see Table 2 ). These contaminants are normally found in standard micro-silica, as was reported by Friede [40] and Plank et al. [41] . The EDS analysis was performed to identify the main elements present in the bulk and surface of the silica (Figs. 5 and 6), which are in most cases silicon and oxygen. In a standard micro-silica (PmS-4) iron, calcium and phosphorus were identified as impurities (Fig. 5d) . In this case, these elements possibly originate from the stabilization additive used for the silica slurries, which are mainly composed of phosphate compounds. For the POnS-7 sample, using the EDS technique, only magnesium was detected as an impurity. Nevertheless, other elements such as iron, aluminum and sulfur were identified based on the XRF results, as shown in Table 2 . The presence of small amounts of these elements is expected, because this nano-silica is produced from the dissolution of olivine in sulfuric acid. The source of olivine is mainly a ground Dunite rock composed of (Mg, Fe) 2 SiO 4 (90% by mass) and other inert minerals such as muscovite, enstatite, and serpentine (antigorite) [11] .
The observed agglomerated state, which is different depending of the type and size of the primary silica particles, should affect mortar and concrete performance. For example, Diamond and Sahu [35] found that the agglomerates from micro-silica can be broken down into separated linked clusters of spheres, similar to the cluster identified in the present research, by sufficiently severe ultrasonic treatment. However, sintered spheres-spheres contacts are permanent. They also reported that the agglomerates can survive the ordinary concrete mixing, which it is not efficient in breaking down the agglomerates. As a consequence, the retained agglomerates in concretes clearly cannot participate in the filler effect attributed to micro-silica, and under some circumstances can act as damaging agent promoting alkali silica reaction (ASR) if reactive aggregates are used in the concrete recipe. This is the reason, that usually it is recommended to apply the micro-or nano-silica additives in slurry form together with a special mixing sequence as was concluded in the work of [42] . The objective is to avoid the presence of big agglomerates that can decrease the concrete performance. Table 4 presents the calculated agglomeration ratio (d agg / d BET ), which can give indications about the degree of agglomeration of the different silica samples studied. Based on this value, we can conclude that the elementary silica particles in the samples PnS-3, PmS-5, PmS-6 and POnS-7 are highly agglomerated (ratio higher than 2), which can lead to undesired effects on the concrete performance if an appropriated mixing method is not applied. On the other hand, samples CnS-1, CnS-2 and PmS-4, display less agglomeration (lower than 2), which in theory should lead to a better dispersion of the particles during the concrete mixing. In the following sections, more details and discussions about the implications of the silica properties on the performance of concrete will be presented.
Adsorption/desorption isotherms
Figs. 7 and 8 represent adsorption isotherms obtained for different amorphous silica samples. The characteristic shape and the maximum volume of nitrogen adsorbed obtained from the adsorption and desorption isotherms varied, depending on the type of nano-or micro-silica studied. In general, silicas produced at high temperature, such as the standard micro-silica (PmS-4 in Fig. 7 ) and the pyrogenic silica (PnS-3, PmS-5 and PmS-6, Fig. 8 ), show an isotherm shape of type IV (porous materials) according to the IUPAC nomenclature [43] . The presence of a hysteresis loop in the desorption isotherm shows that the samples are macroporous (materials with pores larger than 50 nm). The macroporosity is mainly produced by the packing effects of primary particles of a spherical shape (validated with SEM/(S)TEM analysis), and a probable contribution of mesoporosity (2-50 nm). The presence of mesoporosity is generated by the irregular shape of the silica particles in the standard micro-silica (PmS-4) and submicron silica (PnS-3) samples together with some carbon particles in the PmS-4 sample. The maximum volume of the adsorbed nitrogen is related to the pore volume of the silica samples. In general, a smaller particle size leads to a larger pore volume, as shown by sample POnS-7. This sample also has a type IV (H1) isotherm, mainly exhibited by highly agglomerated very small primary particles (11 nm) .
Similarly to the other silica's studied, samples produced by the precipitation method (CnS-1 and CnS-2) show adsorption isotherms of type IV. This is characteristic for solid materials with mesoporosity, which is validated by the presence of a well-defined hysteresis loop in the desorption branch (see Fig. 7 ). This type of behavior is also classified by [43] as hysteresis loop H1 and H2, which are commonly found when cylindrical and bottleneck-type pores are present in the porous material. It is evident from these results that the production method determines the textural properties of the micro-and nano-silica samples.
3.3. Specific surface areas by BET (SSA BET ) and by t-plot method (SSA t-plot and SSA ext )
The BET specific surface areas, calculated using the parameters obtained from the isotherms and regression lines presented in Figs. 7 and 8 are summarized in Table 4 for each amorphous silica studied. Similarly to the SSA BET , the total specific surface area (SSA tplot ), the external specific surface area (SSA ext ) and the micropore volume (V MP ) were calculated using the parameters obtained from the generated t-plot (Figs. 9 and 10 ). The total (SSA t-plot ) and the external specific surface areas (SSA ext ) mentioned in Table 4 were computed using Eqs. (2) and (3), respectively. From the textural parameters computed for all the silica samples, important observations can be made. As to be expected the SSA BET is larger with smaller silica particles. As the mean size of the silica particles depends on the production procedure, so does the SSA BET . The size of the primary particles and the production method defines the type of the isotherm ( in the maximum amount of gas adsorbed, and hence, in the pore volume. Also, the pore-size and pore distribution (discussed later in Section 3.4) are different. The difference between the SSA BET and SSA ext specific surface areas varies between 7% and 26% for the investigated samples. The variation in SSA BET and SSA ext can be reduced by employing other models to calculate the layer thickness and micropore volume, as was stated by [11] . For that reason, the total specific surface areas (SSA t-plot ), which includes all the pores, were determined from the slope of the straight line segment passing though the origin at the pressure regions (P/P 0 ) lowers than 0.10 using Eq. (3), as shown in Table 4 . In these conditions a . Nitrogen adsorption/desorption isotherm for micro-silica samples. Fig. 7 . Nitrogen adsorption/desorption isotherm for nano-silica samples. multimolecular adsorption is taking place as was established by [44] . This surface area will not always be exactly equal to SSA BET [17] , which is the case of samples CnS-1 and POnS-7. The points where the slope of the straight lines changes can give indication of the pores structure of the silica samples studied. At higher relative pressures (higher t values) deviations from a straight line occur. Lippens and De Boer [17] distinguished three cases: (a) the surface is freely accessible up to high relative pressures; the multilayer can form undisturbedly on all parts of the surface; the adsorption branch of the isotherm has entirely the shape of the t-plot curve; the volume adsorbed-layer thickness plot (V a -t) is one straight line (case of sample PmS-6); (b) at a certain pressure capillary condensation will occur in pores with bottleneck shapes and dimensions; the material takes up more adsorbate than corresponds to the volume of the multilayer; the adsorption branch lies above the t-plot curve; the slope of the V a -t plot increases (the case of sample CnS-1); (c) in slit-shaped pores or large holes capillary condensation is not possible unless at very high relative pressures, then the free space in the pores becomes smaller owing to the growth of the adsorbed layer but at a certain moment the pore may be completely filled by the adsorbed layer on both pores parallel walls, the V a -t plot will now get a smaller slope, corresponding to the surface area still accessible (mainly the case of sample POnS-7 and to a lower extent with samples PmS-4 and PmS-5).
The nano-silica produced from olivine represents a special case. This silica has the maximum volume of adsorbed gas (720 cm 3 /g STP) and thus the largest pore volume of all samples studied. The volume of nitrogen adsorbed per gram is more than twice that exhibited by the colloidal nano-silica with the smallest particle size (CnS-1). This difference is due to the micropore volume of the sample POnS-7 (297 Â 10 À4 cm 3 /g), which is one order of magnitude higher than the rest of silica samples studied. The high micropore volume is the result of the agglomerated state of small particles in three dimensions (3D network). Thus, POnS-7 is formed by primary particles (10-20 nm), agglomerated in clusters (secondary particles). These agglomerates are responsible for the large volume of adsorbed gas and for the presence of micro, meso and macropores (see Figs. 1g and 3c) . The highly agglomerated state that probably produced slit-shaped pores explains also the large difference between the total surface areas calculated (263 and 276 m 2 /g for SSA BET and SSA t-plot , respectively) and the external specific surface area (194 m 2 /g for SSA ext ). Also, the highly agglomerated state is confirmed taking into account the arbitrary agglomeration ratio (d agg /d BET ) calculated for sample POnS-7 (Table 4), which is the highest comparing to with the rest of the silicas studied (d agg /d BET between 0.1 and 4.8).
In contrast to the results of the SSA BET , the values of the SSA ext ( Table 4 ) clearly show that CnS-1 has the maximum external specific surface area (217 m 2 /g), while the POnS-7 has 194 m 2 /g. This result is expected because the average primary particle size of the CnS-1 defined by DLS is in the range of 0.9-2.3 nm and the primary particle sizes of the olivine nano-silica is between 10 and 20 nm. Nevertheless, the calculated SSA t-plot is higher than the SSA BET for the case of POnS-7, which suggests the presence of smaller silica particles in clusters.
Different values of the specific surface area and the presence of a high or low micropore volume in the silica samples studied would have consequences for the concrete performance. Obviously, due to the difference between the surface characteristics (total or internal surface area, micropore volume, content of silanol group, etc.), a nano-silica with a specific surface area of 50 m /g cannot perform as a nano-silica with a specific surface area of 300 m 2 /g in concrete mixtures. Various researchers [45] [46] [47] have reported some different results attributed to the type and surface areas of nano-silica. They found that colloidal, precipitated and pyrogenic nano-silicas are in the form of relatively large aggregates (similar to the results presented previously) and, although applying different dispersion methods could affect their initial aggregation status in water, it could not break them into single particles. Furthermore, they demonstrated that the ionic composition of the fluid in the pores could significantly influence the stability of nano-silicas and could lead to their aggregation inside the concrete cementitious matrix. An important finding reported by Madani et al. [46] is the fact that the surface area of the nano-silica is significantly affecting the pozzolanic reactivity. It can, therefore, be expected that the samples CnS-1 and POnS-7 should display a higher pozzolanic activity. Nevertheless, it has been reported [45] [46] [47] that the extent of aggregation of the silica particles and the presence of microporosity are additional influencing factors. For example, due to a higher extend of aggregation of the nano-silica particles that leads to a larger pore volume, a considerable amount of water is adsorbed in the pores of the aggregates, resulting in the reduction of the water available to lubricate the granular system and for hydration of cement; consequently, a lower flowability and a lower extend of hydration result [47] . In general, at any given replacement level, the workability of cement pastes would decrease as the surface area of the nano-silica increases. In addition, it was demonstrated that the CASAH gel precipitated in the surface of the nano-silica aggregates has less favorable mechanical properties (cannot function as a binder) and higher porosity than the gel produced by well dispersed silica nano-particles [47, 48] . The presence of an interparticle transition zone (ITZ) between the large reacted agglomerates and the bulk paste has been reported, which acts as a weak zone that decreases the final mechanical properties of concrete. Based on this consideration and the fact that the sample POnS-7 presents the highest agglomeration state and microporosity, a lower flowability can be expected for this type of nano-silica. Fig. 11 represents the pore diameters and pore-size distribution of the selected silica samples calculated from the adsorption and desorption branches. The difference between both pore-size distributions is related to the shape of the pores. Larger differences mean more bottleneck-type of pores [29] .
Pore diameter and pore-size distribution (BJH method)
From the pore-size distributions of the samples studied (see Fig. 11 ), it is evident that the silica produced by the precipitation route from waterglass (CnS-1 and CnS-2) shows the smallest pore diameter (d p ), 5-6 nm and 11-13 nm, respectively. From the distribution of the pore sizes and the shape of the t-plot, the CnS-1 sample has bottleneck-type pores (also confirmed by the shape of the desorption isotherm) and CnS-2 has slit-shaped pores produced by the content of small particles. The pores-size distribution is also influenced by the high content of silanol groups on the surface, as was previously reported for this type of amorphous nano-silica [6] . Another finding is that the pore diameter calculated for the CnS-1 sample is larger than the sizes of the primary particle (0.9-2.3 nm). Probably this is due to the fact that the BHJ method only considers the pore-size distribution between the agglomerates. Additionally, the BHJ method employs some approximations that are not valid for very small particles or can only be applied to a given part of the isotherm as was stated by [30] . Another factor affecting the porous structure of the silica's could be the drying procedure. As explained in the experimental procedure, the silica samples were dried overnight at 105°C for 24 h prior to the measurements. The drying procedure may affect the micropore structure of the silica CnS-1, due to coalescence of very small silica particles. Coalescence of silica particles will influence the textural characteristics, such as SSA BET , pore diameter, and pore-size distribution.
Silica samples produced at high temperatures, such as PnS-3, PmS-4, PmS-5, and PmS-6, on the other hand, have average pore diameters in the range of 2-50 nm (mesopores). Nevertheless, some of them have macropores (larger than 50 nm), which is typical for packed spheres. The presence of macropores is presumably due to the predominant spherical shape of the silica particles of the PmS-4 and PmS-6. From the small difference in the average pore diameter calculated from the desorption and the adsorption branches, it can be concluded that the pores of these silica's are cylindrical (also confirmed by the shape of the t-plot curve for sample PmS-6).
Similar to the pyrogenic and fumed silica, sample POnS-7 has pore diameters in the mesoporous and macroporous ranges (average between 21 and 23 nm). When this silica is compared with the pyrogenic silica's, the sole distinction is the large difference in pore diameters calculated from the adsorption and the desorption branches of the isotherms. The large difference can only be due to pore-blocking effects, produced by bottleneck-type or slit-shaped pores. These pores are produced by the strongly agglomerated primary silica particles. The small agglomerated silica particles are enclosing pores with small entrances (interstitial pores). The large number of silanol groups on the silica surface can contribute to appreciable difference in pore-size distributions calculated from the adsorption and the desorption branch. Lieftink reported [11] similar behavior for other nano-silica particles also prepared by the dissolution of olivine in acid. In addition, the shape of the t-plot curve suggests also the presence of slipshaped pores.
Specific density by glass and helium pycnometry
The values obtained from the density measurements are shown in Table 5 and Fig. 12 . Table 5 represents additionally a comparison between the results obtained by the glass and helium pycnometer.
The density values are in the expected range for the different silica samples. The specific density of the micro-silica is in the range from 2.2 to 2.3 g/cm 3 , as previously reported [6] . Silica samples PmS-4 and PmS-6 showed also values in this range. Pyrogenic silica samples, with their high content of nano-particles (PnS-3 and PmS-5), showed, however, a lower specific density (ranging between 1.9 and 2.2 g/cm 3 ). The low density of the nano-silica is due to its content of silanol groups on the surface and the presence of micropores, as demonstrated by their pore-size distribution (see Section 3.4). The same phenomenon was also observed for the POnS-7 sample, which display low density values due to their high amount of water (surface silanol groups and a second layer of adsorbed water molecules) and their meso and macroporosity due to its strongly agglomerated state. The strong tendency to adsorb water is shown in Fig. 12 , where difficulties to completely degas the sample were observed in the first cycles of density measurements.
The specific density values obtained by the helium and the glass pycnometer are similar. The helium pycnometer produces more accurate results than the glass pycnometer (difference less that 5%). Another difference between both techniques is the required time; 12 measurements in a helium pycnometer take about 30 min, and a measurement using the glass pycnometer takes about 1 day, while a room of a controlled temperature is needed.
3.6. Behavior of standard mortars with nano-silica in fresh and hardened state Fig. 13 represents the relation between the slump-flow diameter and the total specific surface area of the mortars. It is evident that the rise in specific surface area due to the addition of nano-silica with different PSD decreases exponentially the slump-flow value of the mortars of the same SP content. The larger specific surface area lowers the free water available for lubricating the granular system. The presence of a significant number of particles enhances the number of contact points between the particles. The internal friction of the system was raised, thus reducing the slump-flow. Several researchers [49] [50] [51] [52] [53] [54] have demonstrated that the slump or slumpflow is related to the viscosity and yield point of cement paste or mortar. Similarly, Bentz et al. [55] found that the plastic viscosity rises linearly with the growth of the total specific surface area of the mix. The authors additionally found that the yield stress also increases linearly with the computed particle number density. The particle number density is the power law proportionality between the particle density and the measured yield stress, normally used in percolation approaches [55] . For that reason, the observed reduction in the slump-flow value is a consequence of changes in the viscosity and yield point of the paste due to the presence of nanoparticles. Nevertheless, based on the deviation (error) of the obtained experimental points (Fig. 13) , it is evident that other factors also influence the measured slump-flow diameter. These factors can include: changes in the hydration kinetics due to differences in the density of silanol groups on the nano-silica surface, the presence of microporosity that takes up more water, interaction between the SP and the different impurities (C, S, Na and K) and the final void fraction (packing) of the mix. The void fraction is normally affected by the ability of the particles to be arranged in a close packing configuration. The ability is a function of the shape, size and compaction energy. In the case of nano-particles, due to the high Van der Waals forces between the particles, it is difficult to achieve the maximum packing. Evidence of this difficulty is the fact that the silica's CnS-2, PnS-3 and POnS-7 show similar slump-flows. It was expected that Fig. 9 . t-Plots of the nano-silica samples; regression lines (P/P 0 < 0.1) for determination of the total specific surface area (SSA t-plot ); and regression lines (0.10 < P/ P 0 < 0.35) for determination of external specific surface area (SSA ext ). Fig. 10 . t-Plots of the micro-silica samples; regression lines (P/P 0 < 0.1) for determination of the total specific surface area (SSA t-plot ); and regression lines (0.10 < P/P 0 < 0.35) for determination of external specific surface area (SSA ext ).
sample POnS-7 had a lower slump-flow diameter due to its smaller primary particle size (reflected in higher SSA BET ) as compared to CnS-2 and PnS-3. Apparently, the highly agglomerated state of the silica particles of POnS-7 influenced the results. One particular case was the sample CnS-1, which showed a very small slump-flow (almost zero) when a higher amount of SP (3.6% bwob) was added to obtain a mortar capable to be mixed. CnS-1 is a colloidal nano-silica with 15% solid content produced by the waterglass route. This material has the smallest particle size (0.9-2.3 nm) of all the studied nano-silicas. Apparently, the replacement level used in this experiment (7% bwoc) was too high to produce a flowing mortar, mainly because the water in the colloidal suspension was not free water. It is partially adsorbed and retained in the surface of the nano-particles. With smaller silica nano-particles the rate of cement hydration is also enhanced [56] . Different optimum concentrations of nano-silica have been reported. For example Said et al. [57] reported that at all curing ages, the strength generally increased with the addition of nano-silica (80 m 2 /g) up to 6% bwoc. Korpa et al. [58] , on the other hand, reported for a pyrogenic nano-silica (200-300 m 2 /g) that the optimum content is between 2% and 4% bwoc, higher contents resulted in lower workability and final strengths values. Similarly, Stefanidou and Papayianni [59] mentioned an optimum amount ranging between 1% and 2% bwoc for pyrogenic silica with a BET specific surface area of 200 m 2 /g. Based on these findings and the results obtained, it is evident that the optimum amount of nano-silica in cement mortars depends on their specific surface area and would be lower than 7% for the silica with the smallest silica particles tested. The remarkable decrease in workability produced by addition of nano-silica to cement pastes, which are observed also after the addition of a superplasticizer (SP), suggest that the high specific surface area is not the only controlling parameter in producing the significant increase in the yield stress and in the plastic viscosity. Some researchers reported [46] [47] [48] a strong and ''instantaneous'' interaction between silica nano-particles (no matter its state: colloidal, powder or in slurry) and some chemical species dissolved in the liquid phase of fresh cement pastes, leading to formation a destabilizing gel with high water retention capacity (in form of bound water). The results of slump-flow tests on the pastes made with the micro-and nano-silica produced by different routes support this explanation. It was, furthermore, demonstrated, similarly to the present study for samples PmS-4 and PmS-6 that the nano-particles in silica powders are often in an aggregated (firmly-held clusters) or agglomerated (loosely-held clusters) form with a final cluster size from nanometers to as high as 100 lm due to their very high specific surface area [35] . Even in a well-dispersed colloidal dispersion, the nano-particles still exist as aggregates when they are incorporated into the highly alkaline environment that exists in the cement pastes [45] . By using colloidal silica as CnS-1 and CnS-2, it is assumed that the mono-dispersed nano-particles (as was demonstrated by the DLS and LLS test results) can act as fillers and seeds much more effectively than the agglomerates of silica particles generated from powders or slurries. Nevertheless, Kong et al. [45] revealed that the colloidal silica reacts to a gel or coagulates immediately when the cement is mixed into the water containing sol due to the rapid increase of ionic strength in the paste, the rising pH, and the adsorption of Ca 2+ ions on the silica particles. As a result, no matter what source of nano-silica is used, it is the behavior of the final agglomerates, rather than that of the individual nano-particles, which controls the flowability, the filling, the pozzolanic and acceleration effects on the cement hydration, and the improvement of the final concrete microstructure. The strong effect of the microporosity on the slump-flow of the mix is partially validated by Fig. 14, which shows that the slumpflow decreases exponentially with an increase of the micropore volume (V MP ) of the nano-silica particles. The increase in the V MP reduces the free water, due to the uptake of water explained above and in Section 3.3, and consequently the slump-flow drops. This trend is evident for all the silica's samples studied except for the POnS-7. The olivine nano-silica exhibited the highest difference between the total (SSA t-plot ) and external surface area (SSA ext ) and thus, the highest agglomeration ratio (d agg /d BET of 9.5). The agglomerated state can explain the results considering the high water retention capacity generated by the elevated microporosity, which is one order of magnitude higher than that of the other samples studied. Nevertheless, further research is required to establish whether additional factors are contributing to the effect on the slump-flow of the nano-silica particles produced by olivine dissolution in acid.
Figs. 15 and 16 represent the 28-day mechanical properties of the mortars. The results of the flexural strength (Fig. 15) show that the best performance was obtained with the standard micro-silica sample (PmS-4) and the lowest value was obtained with CnS-1. Similar behavior was also found for the 28-day compressive strength which is given in Fig. 16 . As can be observed, the strength (compressive and flexural) was improved in general by incorporating pyrogenic type micro-and nano-silica (PnS-3, PmS-4, PmS-5 and PmS-6) and colloidal silica CnS-2. However, the strength was enhanced more significantly when incorporating PmS-4 (32% more in comparison with the blank mortar), whereas no improvement was reached by the use of CnS-1 and POnS-7 (8% lower in average). The effects on the strength can be related to the state of agglomeration within the different silica's and thus to their water retention capacity, resulting in reduction of water available for hydration of cement and consequently in lower degree of hydration of cement at age of 28 days. A higher degree of hydration of cement pastes containing micro-silica as compared to the pastes containing colloidal nano-silica has been reported [46] . The authors suggested that the lower water absorption capacity of micro-silica (pyrogenic type) causes the higher hydration. As was explained in Section 3.3, the CASAH gel precipitated on the surface of the nano-silica aggregates, may, moreover, have lower mechanical properties (cannot function as a binder) and higher porosity than the gel produced by well dispersed silica nano-particles [47, 48] . The presence of an ITZ between the large agglomerates with a modified surface after reaction and the bulk paste, which act as weak zone may decrease the final mechanical properties of the mortars. This assumption was validated by the fact that the sample POnS-7, which has the highest agglomeration ratio and microporosity, shows a lower flexural and compressive strength.
Taking into account the 28-day compressive strength of the reference mortar, it was possible to calculate the relative pozzolanic index of the different nano-silica's. The results show (Fig. 17) that the colloidal nano-silica CnS-1 has the lowest pozzolanic index (91%) as compared with the others types of nano-silica tested. In general, the waterglass silica (CnS-2) and the pyrogenic silicas (PnS-3, PmS-4, PmS-5 and PmS-6) exhibit pozzolanic indices higher than 100% (in the test condition). The results suggest that the specific surface area of the silica is a significant factor with the pozzolanic activity. The low pozzolanic index (92%) of the olivine nano-silica is probably caused by the presence of relatively large agglomerates of very small silica particles within this silica. Since only the external surface of the agglomerates can participate in the pozzolanic reaction and the material transport within the narrow pores of the conglomerates is very slow, the pozzolanic activity of the silica from olivine can be expected to be low. It is thus possible that the significant aggregation of CnS-1 and POnS-7 in the cement matrix of the mortar is one of the main reasons for the lower pozzolanic index as compared to pyrogenic micro-and nano-silica samples of a lower specific surface area. Another factor, to be considered is that at 7% replacement of cement, the maximum wet packing is probably not obtained, which results in a lower strength.
It is important to note that no clear quantitative relations between the mechanical properties and the morphological and textural properties of the silica have been obtained. Nevertheless, some observations can be made. The nano-silica samples with the highest specific surface area (smaller primary particle size) exhibited the lowest performance. The low performance can be attributed to their reactivity (CnS-1) and, particularly, due to particle dispersibility (agglomeration) in the cement paste (POnS-7). Dispersibility and, hence, agglomeration is an important parameter when nano-particles are added to cement paste. Sample CnS-1 was added as a well dispersed colloidal suspension and POnS-7 was added in powder form. The olivine nano-silica has particles which are agglomerated in a 3D network with a strong bond between the particles, principally due to its production route (low pH). This agglomerated state does not allow the mix to obtain the maximum packing and, possible due to the presence of larger microporosity, it can produce voids and thus raise the void content. The performance of CnS-1 can be attributed to its high reactivity. It has very small particles with sizes in the range of 0.9-2 nm and a high content of sodium (2.5% of Na 2 O) as can been seen in Table 2 . Land and Stephan [56] demonstrated, using isothermal calorimetric techniques, that the addition of nano-silica at the same mass concentration, but with smaller particle size (7 nm vs. 295 nm) increases the heat release by the C 3 S accelerated hydration rate. The smaller particles have larger effects on the behavior of the sulfate containing phases (AFm) in the cement paste. This phenomenon can lead to a faster setting, increasing the viscosity and producing a self-desiccation of the mortar. The increase in the setting rate was partially demonstrated by the necessity to use large amounts of SP (3.6% bwob) to obtain a mixable mortar. Another interesting finding is the fact that the nano-silica additives of the same SSA BET result in similar compressive strengths. This is displayed by the silica's CnS-2, PnS-3 and PmS-5, the pozzolanic index of which varied between 113 and 116. Apparently, as was demonstrated in the slump-flow test results, the specific surface area is the controlling factor. Comparing, on the other hand, the results of the samples PmS-4 and PmS-6, which have SSA BET of 23 and 10 m 2 /g, respectively, a clear influence of the aggregation ratio is evident. Other factors, such as the presence of impurities, the shape of the silica particles, and the PSD may affect the results. The fact that the PmS-4 silica performed the best is related to its lower reactivity at early age and its wider PSD that produced a better packing (reduced void fraction) under the test conditions. Korpa et al. [58] demonstrated the low reactivity of micro-silica. The investigation of Korpa et al. [58] , comprising pH-measurements and X-ray transmission microscope images (TXM), confirmed the low pozzolanic reactivity for micro-silica products, which was much lower than that achieved for fumed nano-silica dispersions. Further research is needed to understand the strength development of mortar with different nano-silicas and the influence of the application method (powder, colloidal dispersion or slurry form). Furthermore, the optimum replacement ratio for each type of nano-silica needs to be determined. Even though no direct quantitative relation was found with the morphological characteristics obtained in this investigation, a thorough analysis taking into consideration the measured SSA BET to calculated the average diameter (d BET ) of the primary silica particles, using Eq. (4), was performed.
All the diameters, d BET , thus calculated (in nm) were plotted against the 28-day compressive strength values (Fig. 18) . This figure demonstrates that, based on the correlation value of the fit curve (R 2 = 0.98), the compressive strength is a function of the average diameter of the primary particles of the silica samples and thus indirectly a function of the SSA BET . Apparently, an optimum value of d BET (around 135 nm) is needed to obtain the maximum compressive strength at the same w/c ratio and mass concentration of nano-particles provided the nano-silica particles are well dispersed. To the authors' knowledge, it is the first time that this is reported. The presence of a maximum or optimum value can be related (in addition to the particles reactivity and aggregate behavior) with the point where the best packing is obtained. The theories of ''filling gap materials'' can be used to partially explain the results [60] [61] [62] . Some researchers found for mixes of granular materials with a large difference in their average particle size, that it is possible to achieve maximum packing and, consequently, a minimum void fraction and increased compressive strength. This effect becomes predominant for a difference larger than 10 in the size ratio, and preferably between ten and one hundred [63] . The average particle size of cement used is around 13 lm and the optimum value found in Fig. 18 is around 135 nm (100 times less than cement). Apparently, this size ratio contributes to obtain the maximum compressive strength. Nevertheless, still more research is needed to validate this hypothesis and also more tests with representative samples with average primary particles sizes in the range of 120-200 nm are required. In summary, even though the studied amorphous nano-silicas have different textural properties such as pore diameter, pore-size distribution, pore volume, and shape, apparently, the main parameters that affect the slump-flow diameter and the final mechanical properties are their specific surface area (SSA Sph ), the average primary particle sizes, the micropore volume and size of aggregates of the silica particles. There was not any direct evident influence on the mortar properties related with the silica's pore diameter and pore-sizes distribution.
Conclusions
In the present work, the morphological and textural characteristics of amorphous micro-and nano-silica additives manufactured by different routes, such as precipitation from waterglass and olivine dissolution in acids, flame hydrolysis and condensation of silica fume, were studied thoroughly. The effects in the slump-flow test and the mechanical properties of mortars formulated with the silica samples were discussed. In addition, the implications of the silica characteristic towards the fresh and hardened properties of concrete were established. Based on these considerations, several conclusions can be drawn:
The most observed morphology of the silica particles in the samples is spherical; changing to more irregular (angular) when the size of the particles is reduced. The presence of angular particles depends on the producing route of the silica's. In the case of the silica precipitated by waterglass and by the dissolution of olivine in acids, the angular particles are the results of agglomeration of very small particles. For the pyrogenic silicas, in addition to the impurities and clustering of small particles, the presence of angular particles is the result of the sintering of spherical particles. The powder nano-particles (pyrogenic and fumed silica) are often in an aggregated (firmly-held clusters) or agglomerated (loosely-held clusters) state with a final aggregate size from a few nanometers to as high as 13 lm, whereas colloidal silica samples are often present in mono-dispersed form. The silica nano-particles coming from the dissolution of olivine in acids are present in a polydisperse form with very small particle in a highly agglomerated state. The silica samples are amorphous and are mainly composed of SiO 2 with small amounts of impurities (Ca, P, C, Mg and Fe). The type and amount of impurities depend on the production route of nano-silica (condensation, pyrolysis or precipitation).
The maximum volume of physically adsorbed nitrogen and the shape of the adsorption/desorption isotherm depend on the production routes of the nano-silica particles. The nano-silica obtained from the olivine mineral dissolution had the larger BET and t-plot specific surface area. The silica obtained from the precipitation route using waterglass precursors has a higher specific surface area than the pyrogenic silica.
The pore diameter and pore-size distribution depend on the production route of the silica. Precipitated silica particles have a narrow or monomodal pore-size distribution (average 6-13 nm) with a micro-and meso-porous structure. The pyrogenic silica's have larger pores (average 12-19 nm) and a predominant macro-to meso-porous structure, typically found in structures of packed spheres. The silica particles produced from olivine had the distribution of the largest pores (average 20-23 nm) with a meso-porous structure caused by the highly agglomerated state and loose packing. The specific density of the amorphous silica particles depends on the particle size of the primary particles, the internal pore structure, and the amount of surface and internal silanol groups. For all others factors being equal, the smaller the primary particle size, the smaller the specific density of silicas. A potential relationship between the total surface area of the mix (cement, sand and silica) and the slump-flow of mortar with different types of amorphous silica nano-particles was established. The higher the total surface area of the mortar, the smaller the mortar slump-flow. It was also found that the final slump-flow can be affected by the state of aggregation of the primary silica particles that leads to the presence of microporosity (with a high water retention capacity) in the nano-silica samples. The slump-flow has an exponential relationship with the micropore volume of the particles. Even though the amorphous silica's studied have different textural properties, such as pore diameter, pore-sizes distributions and shape, the main parameters that influence the slump-flow diameter (workability) and final mechanical properties are the specific surface areas, the micropore volumes (which defined the water adsorption capacity) and the state of agglomeration. These parameters control the filling capacity, the pozzolanic activity and the rate of hydration of the cement. It is thus suggested that the silica should be dispersed as well as possible to obtain the intended improvement of the concrete properties.
